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Quinones comprise a class of redox-active compounds having a wide range of physical and chemical properties, and a number of mammalian enzymes have quinone reductase activity (13) . Therefore, quinones are useful for probing lung redox processes that affect their disposition in the blood. We have used the amphipathic quinone duroquinone (DQ) as one model compound for studying quinone metabolism on passage through the pulmonary circulation of the isolated perfused rodent lung (4, 9) . DQ is advantageous because the quinone (DQ) and hydroquinone (DQH 2 ) forms are cell membranepermeable and, thus, freely enter and leave lung tissue from the pulmonary circulation (4) . Earlier studies revealed that DQ is reduced to DQH 2 on passage through the rat and mouse lung (4, 9) . Inhibitor studies indicated that nearly all the DQ reduction in the rat lung was attributable to NAD(P)H:quinone oxidoreductase 1 (NQO1) (4, 9) . The contribution of NQO1 to DQ reduction in the mouse lung was not specifically addressed (4) .
Since NQO1 is highly expressed in pulmonary endothelium and NQO1 is a two-electron quinone reductase, the impact on DQ may not have been that surprising (17, 40) . On the other hand, studies using subcellular fractions, tissue homogenates, or isolated enzymes from various tissues have shown that DQ can also act as an electron acceptor for various other redox enzymes that are also present in lung tissue (19, 35, 37) . These observations emphasize the importance of using intact organs in metabolism studies and suggest the intriguing possibility that DQ acts as a specific NQO1 activity probe in the perfused lung. Since there are no means to assess NQO1 activity in vivo, confirmation that DQ can be used for this purpose would represent an advance in studies of NQO1 as a target of drug activation and xenobiotic detoxification and as a factor in susceptibility to oxidative stress, various malignancies, and other pathophysiological conditions in the lung and other organs (1, 10, 11, 14, 15, 21-23, 25, 26, 33, 34, 38, 39, 43-45) .
The Nqo1-null (NQO1 Ϫ/Ϫ ) mouse has been used extensively to evaluate the contribution of metabolic and nonmetabolic functions of the enzyme, e.g., in susceptibility to carcinogenic and chemotherapeutic compounds and environmental toxins, tissue redox imbalance, and various disease processes (1, 2, 10, 21, 23, 26, 33, 43, 44) . Nevertheless, there have been few studies of quinone metabolism in NQO1 Ϫ/Ϫ mouse tissues and none in intact organs (24) .
The goal of the present study was to use the NQO1
Ϫ/Ϫ mouse model to evaluate the role of NQO1 in quinone metabolism on passage through the lung. A specific objective was to evaluate previous NQO1 inhibitor studies to determine whether NQO1 is a selective target for DQ reduction in the lung. As a basis for comparison with DQ, we also evaluated the impact of mouse lung NQO1 on the redox status of another amphipathic quinone, coenzyme Q 1 (CoQ 1 ). CoQ 1 has been shown to act as an electron acceptor for NADH dehydrogenase (complex I of the mitochondrial electron transport chain) and NQO1 in the perfused rat lung (6) .
MATERIALS AND METHODS
Materials. DQ (2,3,5,6-tetramethyl-1,4-benzoquinone), CoQ1 [2,3-dimethoxy-5-methyl-6-(3-methyl-2-butenyl)-1,4-benzoquinone], N-[3-(2-furyl)acryloyl]-Phe-Gly-Gly (FAPGG), FITC-dextran, and other chemicals not otherwise specified were purchased from Sigma-Aldrich Chemical. The goat anti-rabbit polyclonal antibody to NQO1 was purchased from Abcam and the rabbit anti-goat IgG-horseradish peroxidase conjugate from Jackson ImmunoResearch Laboratories. Reagents and gels for immunoblots were purchased from Invitrogen. Primers for genotyping were obtained from MWG Oberon, and the dNTPs and Taq polymerase were from the TaKaRa Ex Taq kit (Clontech Laboratories). Purified human recombinant NQO1 was the generous gift of David Ross, PhD, University of Colorado, Denver.
Animals. NQO1 Ϫ/Ϫ and NQO1 ϩ/Ϫ breeder mice were obtained from the colony at the National Cancer Institute. Generation of the NQO1 Ϫ/Ϫ mice is described elsewhere (33) . Wild-type (NQO1 ϩ/ϩ ) mice were obtained from breeding NQO1
ϩ/Ϫ or NQO1 Ϫ/Ϫ with NQO1 ϩ/Ϫ mice or were purchased from Jackson Laboratory (129P3/J, strain 000690).
Every animal in the study was genotyped to ensure its placement in the correct study group. Genotyping was carried out by extraction of DNA from snips using the NQO1 ϩ/ϩ primers NQO1-6N (5=-cagatcctggaaggatggaa-3=) and NOQ1-6R (5=-tgtcagctggaatggacttg-3=), product size 196 bp, and the neomycin cassette primers neo57 (5=-ggagaggctattcggctatgac-3=) and neo317R (5=-cgcattcatcagccatgatgg-3=), product size 315 bp, for the NQO1 Ϫ/Ϫ mice. PCR was carried out using a 96-well thermal cycler (Veriti, Applied Biosystems).
Animal breeding, housing, and experimental protocols were approved by the Institutional Animal Care and Use Committee of Zablocki Veterans Affairs Medical Center.
Preparation of isolated perfused mouse lung. The intact perfused mouse lung preparation is described elsewhere (4) . Briefly, the mice were anesthetized with an intraperitoneal injection of 40 mg pentobarbital sodium/kg body wt. The trachea was clamped, the chest was opened, and heparin (0.7 IU/g body wt) was injected into the right ventricle. The pulmonary artery and trachea were cannulated with 0.86-mm-ID, 1.27-mm-OD polyethylene tubing. The heart was cut away, allowing the venous effluent to drain directly from the severed pulmonary vein. The lungs were removed from the chest and attached to a ventilation-perfusion system. The single-pass perfusion system was primed with the perfusate (4.7 mM KCl, 2.51 mM CaCl 2, 1.19 mM MgSO4, 2.5 mM KH2PO4, 118 mM NaCl, 25 mM NaHCO3, 5.5 mM glucose, and 5% BSA) maintained at 37°C and equilibrated with a gas mixture of 15% O 2 and 6% CO2 in N2, resulting in perfusate PO2, PCO2, and pH of 105 Torr, 40 Torr, and 7.4, respectively. Initially, perfusate was pumped (Masterflex L/S Pump 7523-90, Cole-Parmer) from a reservoir through the lungs at a flow rate of 0.3 ml/min that was gradually increased until the lungs and venous effluent were clear of blood. The flow rate was then set at 2 ml/min, and the lungs were ventilated with 8-Torr end-inspiratory and 3-Torr end-expiratory pressures at 80 breaths/min with the same gas mixture used to gas the perfusate. The pulmonary arterial pressure or perfusion pressure (P a), referenced to atmospheric pressure at the level of the left atrium, was monitored continuously during the course of the experiments. The venous effluent pressure was atmospheric pressure.
Experimental protocols. The lung was initially perfused from a reservoir containing control perfusate, as described above, and a venous effluent sample (ϳ1 ml) was collected as a blank for absorbance measurements. The reservoir was emptied and refilled with 13 ml of perfusate containing FAPGG (145 M). Between 90 and 150 s from the start of the FAPGG perfusion, two 1-ml venous effluent samples were collected; at 150 s, a reservoir sample was also collected. The reservoir was then emptied and refilled with fresh control perfusate, and the lung and perfusion system were washed free of residual FAPGG by perfusion for 5 min. A single venous effluent sample was collected as a blank, and the reservoir was emptied and refilled with 14 ml of quinone-containing [DQ or CoQ 1 (50 or 60 M, respectively)] perfusate. Between 210 and 240 s from the start of the quinone perfusion, a single 1-ml venous effluent sample was collected; at 240 s, a reservoir sample was also collected. The lung and perfusion system were washed again with the NQO1 inhibitor dicumarol (250 M) in the perfusate, and the quinone perfusion study was carried out as described above, except 250 M dicumarol was in the perfusate with the quinone. This dicumarol concentration was selected because of the high degree of dicumarol binding to the perfusate BSA, which substantially lowers its free concentration (9) . Then the lung and perfusion system were washed a final time with control perfusate, and the FAPGG infusion was repeated as described above. At the end of each experiment, the lungs were weighed and then dried and reweighed to obtain dry weights and wet-to-dry weight ratios.
Sample processing and concentration calculations. For determination of venous effluent quinone (DQ or CoQ 1) and hydroquinone (DQH2 or CoQ1H2) concentrations, samples were centrifuged at 4°C for 1 min at 10,000 g (AccuSpin Micro R centrifuge, Fisher Scientific), and 100 l of each sample were added to each of two microcentrifuge tubes: one was prefilled with 10 l of potassium ferricyanide (1.8 mM) to oxidize any hydroquinone to quinone and the other with 10 l of 1 mM EDTA in H2O. Ice-cold absolute ethanol (0.8 ml) was added, and the samples were mixed and centrifuged at 10,000 g for 5 min at 10°C.
The concentration of total DQ ϩ DQH2 in each venous effluent sample was calculated from the absorbance at 265 nm of the fully oxidized (with ferricyanide added) sample using the extinction coefficient for DQ (0.02164 M Ϫ1 ·cm Ϫ1 ). The concentration of DQH2 was calculated from the difference in absorbance (at 265 nm) between the oxidized (with ferricyanide) sample and the unoxidized sample (without ferricyanide) using the extinction coefficient 0.0199 M Ϫ1 ·cm Ϫ1 . The DQ concentration was calculated from the difference between the DQ ϩ DQH2 and DQH2 concentrations. CoQ1 and CoQ1H2 concentrations were calculated in a similar manner from absorbance measurements at 275 nm using extinction coefficients of 0.0143 and 0.0121 M Ϫ1 ·cm Ϫ1 , respectively (36) . Perfusate samples that had passed through the lungs but contained no quinone were treated in the same manner as the rest of the samples and used as the blanks for absorbance measurements. DQH2 and CoQ1H2 autoxidation rates (Ͻ1.1%/min) are negligible within the experimental time frame (4, 28) .
The permeability-surface area product (PS, ml/min), a measure of the rate constant of angiotensin-converting enzyme (ACE)-catalyzed FAPGG hydrolysis on passage through the lung and an index of perfused capillary surface area, was calculated from the infused arterial FAPGG concentration ( (9) . The ACE inhibitor captopril (30 M) blocked Ͼ95% of the FAPGG hydrolysis on passage through the lung, as evidence of the specificity of the substrate for ACE (data not shown, n ϭ 3).
In Fig. 1 , where FITC-dextran was used as an intravascular marker, concentrations were quantified from absorbance at 495 nm using the extinction coefficient 0.0935 M Ϫ1 ·cm Ϫ1 (9). NQO1 immunoblots. After the lung perfusion protocols, a portion of lung was removed from a subset of lungs and weighed, minced, and homogenized with a Polytron homogenizer in 10 ml of ice-cold homogenization buffer [10 mM HEPES, 250 mM sucrose, 3 mM EDTA, 1 mM PMSF, and 1% protease inhibitor cocktail (catalog no. P8340, Sigma)]. The homogenate was centrifuged for 30 min at 15,000 g. A portion of the resulting supernatant (cytosol fraction, 20 g of protein) or purified recombinant human NQO1 (0.5 ng protein) was subjected to SDS-PAGE, as previously described (4, 9) . The proteins were transferred to a nitrocellulose membrane, which was incubated for 1 h in Tris-buffered saline containing 0.1% Tween 20 and 2% BSA, the latter as a blocking agent. The membrane was then incubated sequentially in a 1:1,000 dilution of primary antibody (polyclonal goat anti-rabbit NQO1), a 1:20,000 dilution of secondary antibody (rabbit anti-goat IgG-horseradish peroxidase conjugate), and the Supersignal West Pico chemiluminescent substrate (Pierce). The signal was captured using a Kodak IS 2000 MMT ImageStation, and the relative intensities of the bands were quantified using the ImageStation software.
NQO1 and lactate dehydrogenase activities in lung homogenates. A portion of the lung tissue from each mouse used for the lung perfusion protocol was minced and homogenized in ice-cold homogenization buffer (10 ml buffer/g lung tissue, pH 7.4) using a Polytron tissue homogenizer. The homogenate was centrifuged (12,100 g) at 4°C for 30 min, and the supernatant (cytosol fraction) was stored at Ϫ70°C. Lung cytosol fraction NQO1 activity was measured as previously described (9) . Cytosol fraction protein (ϳ10 g) was added to a semimicrocuvette containing 1 ml of reaction buffer consisting of Tris · HCl (25 mM, pH 7.4), BSA (0.23 mg/ml), Tween 20 (0.01% vol/vol), 2,6-dichlorophenolindophenol (DCPIP, 50 M), and flavin adenine dinucleotide (5 M) with or without dicumarol (20 M). The reaction was initiated by the addition of NADPH (200 M final concentration), and DCPIP reduction was measured spectrophotometrically at 600 nm (25°C). NQO1 activity was calculated as the difference in the initial DCPIP reduction rates in the absence and presence of dicumarol using an extinction coefficient of 0.021 M Ϫ1 ·cm Ϫ1 (9) . LDH activity was assayed in the supernatant fraction as NADH oxidation to NAD ϩ in the presence of pyruvate, measured spectrophotometrically, as previously described (12) . The lung cytosol fraction protein content was measured using the Bio-Rad protein assay (9) .
Statistics. Statistical comparisons between hydroquinone efflux rates and other experimental parameters were determined by ANOVA followed by Tukey's honestly significant difference test for multiple comparisons or t-test where noted; P Ͻ 0.05 was the criterion for statistical significance. Box-Cox normalizing transforms were used if the data were nonnormal or had heterogenous variability.
RESULTS

Cytosol fraction NQO1 activities for NQO1
ϩ/ϩ , NQO1 ϩ/Ϫ , and NQO1
Ϫ/Ϫ lungs reveal minimal NQO1 activity in the NQO1 Ϫ/Ϫ compared with NQO1 ϩ/ϩ or NQO1 ϩ/Ϫ lungs, the latter of which has intermediate activity (Fig. 1) . In contrast, the lung cytosol fraction LDH activities are not significantly different between the three groups of lungs, indicating that the impact of genotype on NQO1 activity is not a nonspecific effect on lung enzyme activities (Fig. 1) . The immunoblot in Fig. 2 shows that the relative NQO1 protein levels in the lung cytosol fractions from the NQO1 ϩ/ϩ , NQO1 ϩ/Ϫ , and NQO1 Ϫ/Ϫ lungs were qualitatively correlated with the NQO1 activity measurements in Fig. 1 .
Examples of the general form of the venous effluent concentrations of DQ, DQH 2 , and DQ ϩ DQH 2 vs. time curves for an NQO1
ϩ/ϩ lung are displayed in Fig. 3A , where the concentrations are expressed as fractions of the infused pulmonary arterial DQ concentration (50 M) at each time point studied. Also shown is the FITC-dextran concentration outflow curve, with concentration normalized to the infused FITC-dextran concentration. FITC-dextran is an intravascular marker; thus its concentration curve represents the DQ curve that would have been observed if the infused DQ had only remained in the perfusate and been convected through the pulmonary circula- tion without undergoing redox or metabolic reactions within the endothelium or other lung tissue components. Therefore, the FITC-dextran curve emphasizes the impact of passage through the lung on DQ. DQH 2 first appears in the venous effluent at ϳ0.5 min after the start of the DQ infusion; by ϳ2 min, the fractional concentrations of DQ and DQH 2 reach a quasi-steady state (Fig.  3A) . At this time, ϳ20% of the DQ infused into the pulmonary arterial inflow appears in the venous effluent as DQH 2 and ϳ70% as DQ (Fig. 3A) . In the presence of the competitive NQO1 inhibitor dicumarol, much less DQH 2 emerges from the NQO1 ϩ/ϩ lung, consistent with a greater fraction of infused DQ appearing unchanged in the venous effluent (Fig. 3B) . There is no effect of dicumarol on total DQ recovery, measured as DQ ϩ DQH 2 ; i.e., there was no difference in total venous effluent DQ recovery between the conditions used to generate Fig. 3, A and B .
Studies of DQ (50 M) reduction in the mouse pulmonary circulation revealed the impact of NQO1 genotype. The DQH 2 efflux rate is highest in the NQO1 ϩ/ϩ lungs and progressively lower in NQO1 ϩ/Ϫ and NQO1 Ϫ/Ϫ lungs (Fig. 4A) . The dicumarol-sensitive reduction was greater in the NQO1 ϩ/ϩ than NQO1 ϩ/Ϫ lungs, and there was essentially no effect of dicumarol in the NQO1 Ϫ/Ϫ lungs. In fact, there were no significant differences between the dicumarol-insensitive pulmonary venous DQH 2 efflux rates for the three genotypes.
The NQO1 genotype-associated differences in DQ reduction shown in Fig. 4A cannot be attributed to differences in infused DQ concentrations or total recoveries of venous effluent DQ (as DQ ϩ DQH 2 ) shown in Fig. 4 , B and C. In addition, neither infused DQ concentration nor total DQ recovery is influenced by dicumarol (Fig. 4, B and C) .
DQ recoveries in the perfusion system without a lung in place (reservoir, cannulas, and tubing only) and with a lung in place (mean Ϯ SE, n ϭ 3) are 92.3 Ϯ 0.6% and 87.0 Ϯ 0.3%, respectively (P Ͻ 0.05, t-test). The loss to the perfusion system (without a lung) is due to nonspecific interactions between DQ and the perfusion apparatus. The difference between the loss without and with a lung in the system represents DQ and/or DQH 2 lost via further metabolism or sequestration (e.g., binding to macromolecular cellular components) in lung tissue. Recovery of DQ in the perfusion system is not affected by the presence of dicumarol (P Ͼ 0.05, t-test). Finally, there is no detectable difference between the extent of DQ reduction for two successive infusions of DQ (data not shown, P Ͼ 0.05, t-test, n ϭ 3), ruling out a cumulative effect of multiple DQ infusions. These control studies provide evidence that the impact on DQ shown in Fig. 4A required passage through the lung and is not attributable to loss of DQ or DQH 2 to the perfusion system or lung tissue and that the effect of dicumarol is not an artifact of the experimental protocol wherein the DQ ϩ dicumarol infusions followed the DQ infusions in each lung studied.
Body weight of the NQO1 ϩ/ϩ mice is ϳ10% lower than body weight of the NQO1 ϩ/Ϫ and NQO1 Ϫ/Ϫ animals, probably as a reflection of age (Table 1) . However, the lung dry weights and wet-to-dry weight ratios, reflections of lung size and edema, respectively, are not significantly different between the three NQO1 genotypes. The implication is that there are no gross differences in tissue composition or nonspecific injury in NQO1 Ϫ/Ϫ or NQO1 ϩ/Ϫ lungs compared with NQO1 ϩ/ϩ lungs. PS and P a are not significantly different between the genotypes or at the start and end of the experimental protocols (Table 2) . Since PS for the ACE substrate provides a reflection of perfused surface area, the implication is that NQO1 ϩ/ϩ , NQO1 ϩ/Ϫ , and NQO1 Ϫ/Ϫ lungs are equivalent with regard to accessibility of quinone to lung tissue reductases via the pulmonary vasculature. That neither PS nor P a changed as a consequence of the experimental protocol is evidence that the protocol itself did not cause nonspecific lung injury.
As a basis for comparison with DQ, reduction of another amphipathic quinone, CoQ 1 , to its hydroquinone, CoQ 1 H 2 , was evaluated in NQO1 ϩ/ϩ and NQO1 Ϫ/Ϫ lungs. In contrast to the results obtained for DQ, there is no significant impact of NQO1 genotype on CoQ 1 H 2 efflux rates (Fig. 5) .
DISCUSSION
Earlier studies suggested that NQO1 was responsible for the dicumarol-sensitive DQ reduction observed during passage through the rat lung (4, 9) . However, the possibility of offtarget effects of dicumarol left the specificity of DQ for NQO1 somewhat open to question. The present study provides genetic evidence that reduction of DQ to DQH 2 on passage through the mouse lung reflects NQO1 activity in lung tissue accessible via the pulmonary circulation, thereby providing independent confirmation of the utility of DQ as a nondestructive probe of intact rodent lung NQO1 activity.
Earlier studies also revealed that DQ behaves as an NQO1 probe in intact bovine pulmonary endothelial cells in culture (12, 27 ). In the cell culture studies, DQ was added to the cell culture medium surrounding the cells, and the appearance of DQH 2 in the medium was measured. The substantial sensitivity of DQ reduction to two NQO1 inhibitors, the competitive inhibitor dicumarol and the suicide inhibitor ES-936, was used to implicate NQO1 in this redox process. Whereas pulmonary endothelial NQO1 certainly contributes to the fate of DQ on passage through the mouse lung as well, contributions of NQO1 in other lung cells cannot be ruled out, because lung tissue is freely permeable to perfusate DQ and DQH 2 , even during a single pass through the rodent lung (4). Such behavior is consistent with the amphipathic nature of DQ, which has a reasonably high water solubility and octanol-water partition coefficient (16, 32) .
Although we previously studied DQ reduction in the CD-1 mouse as well as the Sprague-Dawley rat lung, the redox processes contributing to DQ fate in the mouse lung had not been as well characterized (4) . Thus this is the first report of NQO1-catalyzed DQ reduction on passage through the NQO1 ϩ/ϩ mouse lung. The DQH 2 pulmonary venous efflux rate for the NQO1 ϩ/ϩ (129P3/J) lungs (0.65 Ϯ 0.1 mol · min Ϫ1 · g dry lung Ϫ1 ) was reasonably close to that for the CD-1 mouse lung at the same DQ inflow concentration (50 M) (4). The observation that a small fraction of the DQH 2 efflux rate in the NQO1 ϩ/ϩ mouse lung was dicumarol-insensitive was also consistent with previous reports of ϩ/ϩ , 10 NQO1 ϩ/Ϫ , and 8 NQO1 Ϫ/Ϫ lungs. ANOVA followed by Tukey's honestly significant difference test was used to determine statistical significance (P Ͻ 0.05): *significantly different from lung without dicumarol; †significantly different from NQO1 ϩ/ϩ lung without dicumarol; ‡significantly different from NQO1 ϩ/Ϫ lung without dicumarol. Values are means Ϯ SE for mice and lungs in Fig. 4 study. NQO1, NAD(P)H:quinone oxidoreductase. *Significantly different from NQO1 ϩ/ϩ . Values are means Ϯ SE for lungs in Fig. 4 study before and after duroquinone (DQ) and DQ ϩ dicumarol infusions. There were no significant differences in permeability-surface area product (PS) or perfusion pressure (Pa) between genotypes or at start and end of experimental protocol. a dicumarol-insensitive "NQO1-like" activity in wild-type mouse lung homogenates (33) .
Since NQO1 is predominantly (Ͼ90%) cytosolic, our general hypothesis has been that DQ enters the lung tissue from the perfusate in the pulmonary circulation or the endothelial cells in culture from the culture medium and is reduced to DQH 2 predominantly via intracellular NQO1, whereupon the DQH 2 diffuses back into the perfusate or culture medium (4). However, the rate at which DQH 2 emerges in the lung venous effluent is actually the net effect of a combination of redox processes (4, 9) . In the rat lung and pulmonary arterial endothelial cells, DQH 2 generated by intracellular NQO1 is subject to reoxidation via complex III of the mitochondrial electron transport chain (4, 30) . The extent to which DQH 2 emerges from the lung will depend on the balance between complex III and NQO1 activities, and we have no reason to suspect differences in lung complex III activity between the three NQO1 genotypes. The key point in this regard is that the venous DQH 2 efflux rate, as measured in the present study, provides only a lower threshold on the NQO1-catalyzed DQ reduction rate on passage through the lung.
The differences in DQ reduction in NQO1 ϩ/ϩ , NQO1 ϩ/Ϫ , and NQO1
Ϫ/Ϫ lungs were not attributable to nonspecific effects. Specifically, lung dry weights, wet-to-dry weight ratios, P a , perfused surface area (i.e., PS), and recoveries of total venous effluent DQ were not detectably different between the genotypes. Since lung dry weights and wet-to-dry weight ratios provide information regarding lung size and nonspecific lung injury in the form of lung edema, respectively, the implication was that neither lung size nor such injury could account for the differences in DQ reduction. The perfused surface area, reflected as PS, was also the same for all three groups of lungs; since we previously demonstrated that DQ and DQH 2 are freely permeable from the perfusate into rat and mouse lung tissue, the overall implication was that DQ accessibility to lung tissue NQO1 from the pulmonary blood vessels was the same for all lungs in the study (4) . Finally, the total recovery of pulmonary venous effluent DQ was equivalent for all genotypes, indicating that whatever the mechanism(s) by which ϳ10% of the DQ and/or DQH 2 is lost from the perfusate via, e.g., tissue sequestration, further metabolism, or binding to the tubing in the perfusion system, it cannot account for the differences in DQ reduction in the lung.
NQO1 did not make a dominant contribution to CoQ 1 (60 M) reduction on passage through the mouse lung, as reflected by the observation that CoQ 1 H 2 efflux rates were not significantly different for NQO1 ϩ/ϩ and NQO1 Ϫ/Ϫ lungs. This is in contrast to the rat lung, in which CoQ 1 reduction is attributable to both NQO1 and complex I on the basis of inhibitor studies with dicumarol and rotenone (6) . It is conceivable that the mouse lung is, instead, analogous to the bovine pulmonary artery endothelial cells, in which CoQ 1 appears to act as a selective probe for complex I activity (28) . However, it should be noted that the present studies were carried out at a single concentration of DQ or CoQ 1 (50 and 60 M, respectively), selected as advantageous for simultaneous measurement of quinone and hydroquinone (4). Quinone selectivity for any given reductase or other redox process is subject to quinone concentration, its tendency to permeate cell membranes, the propensity for any given quinone to act as an electron donor for a given reductase, and the affinities and kinetics of competing redox processes. In the present study, 60 M CoQ 1 is apparently insufficient to reflect any significant contribution of NQO1 to reduction in the mouse lung. Whether NQO1 contributes to CoQ 1 reduction at higher quinone concentrations remains to be seen. For example, it is conceivable that higher concentrations could saturate competing higher-affinity CoQ 1 reductases, presumably including complex I, thereby revealing NQO1-catalyzed reduction.
CoQ 1 was selected for comparison with DQ, because both were reduced on passage through the rat lung, wherein NQO1 was implicated as the dominant reductase for DQ and a contributing reductase for CoQ 1 . Their reactivity with NQO1 in the rat lung was not that surprising, since DQ and CoQ 1 have nearly the same water and lipid solubility properties and can act as common electron acceptors for NQO1 as the isolated enzyme or within cells (11, 14, 16, 20) . For example, NQO1 contributions to CoQ 1 reduction have been observed in rat hepatocytes and astrocytes, wherein the protective effect of CoQ 1 in hepatocyte complex I dysfunction was attributed to NQO1-mediated CoQ 1 reduction followed by CoQ 1 H 2 oxidation at complex III (14) . The propensity for any given concentration of CoQ 1 to act as an NQO1 electron acceptor in intact rat, but not mouse, lung or intact bovine pulmonary arterial endothelial cells may be attributable to species differences in electron acceptor substrate specificity or activity (18) . The preference for DQ over CoQ 1 as an NQO1 electron acceptor is suggested by structure-activity studies showing that quinones with van der Waals volumes of Ͻ200 Å (162.9 Å for DQ and 243.96 Å for CoQ 1 ) have been observed to act as relatively "fast" NQO1 substrates (high K cat /K m ) (3, 28, 41) . In any case, the differential impact of intact mouse and rat lung NQO1 on CoQ 1 illustrates the concept that quinone fate in the lung depends on the properties of the substances themselves (e.g., propensity to act as an electron acceptor for any given reductase), as well as the properties of the pulmonary endothelium and lung tissue (e.g., relative activities and complement of available redox enzymes). Accordingly, for a range of redox compounds we have studied, including DQ, CoQ 1 , coenzyme Q 0 , and the thiazine polymer (toluidine blue O-polyacrylamide polymer), their different physical and chemical properties influence the subcellular reduction sites, the electron donor utilized, and the dominant reductase(s) involved (4 -8, 12, 29, 31) . The present study demonstrates that DQ acts as a probe of lung tissue NQO1 activity on passage through the pulmonary circulation. The need for such a probe is exemplified by the complexity and diversity of roles for NQO1 and polymorphisms resulting in inactive forms of the enzyme in pharmacology, toxicology, and pathophysiology (1, 17, 22, 42) . More detailed studies of lung DQ redox metabolism are likely to provide information regarding the therapeutic potential for lung NQO1-targeted activation of anticancer drugs and antioxidants, as well as a better understanding of lung toxicity of various redox-active xenobiotics. The lung may be of particular importance with regard to NQO1 activity because of the high level of NQO1 expression in the endothelium and the very large perfused pulmonary vascular surface area and its position in the circulation. The implication is that NQO1-catalyzed redox metabolism within the pulmonary circulation has the potential to influence quinone bioactivity not only within the lung itself, but also in the systemic circulation and downstream organs and vessels.
